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torquemeteremployinga cirouitto minimize
resistancewas oonstmmtadand the performance

under statio and dynamicconditionswas investigated.

Dynamictestsof this instrumentwere msde overa rangeof
shaftspeedfrom 5000to 17,000rpm and torqueloadsfrom250 to
5500 inch-poundswith correspondingtorsionshaftqtressesof 600”
to 14,200poundsper squareinch. Effectsof temperature,axial
stress,slip-ringcontactresist=cej ad speedOn the OW~tion of
the torquemeterwere investigated.Resultsof statiocalibration
of the instrumentovera rangeof torqueand temperatureati the
magnitudeof the effectsof axialstressand slip-ringcontaot
resistanceon the statiocalibrationare presented. .

Repeatedcalibrationsover 6 monthsindicatedno changein the
calibrationconstants.Dynamicoperationoverthe rangeof speed”
and torqueIndicatedan over-allprobableacouracyand precisionof
+0.33percentof full-scalereading. This torquemeterwas capable
of sustainedoperationat speedsfrom13,600to 17,000rpm for about
5 hourswithoutrequiringadjustmentof lnwh-contactpressures.

It is recommendedthat for optimumaccuracy,hightorsion-
shaftstressbe employedand the torquemeterInstallationbe free
of axialstress*

INTRODUCTION

In basiocompressorand turbineresearohwheresmallaccumulative
gainsin effioienoyand performancemst le neasured,an accurate
measurementof shaftpowerbemnes extremelyim~ortant.In order
to meet this requirement,aoouraciesof the orderof~+O.5percent
at shaftspeedsup to 17)~ rw ~ ne~ss~~ Becauseof the
largeequipment,it is frequentlyimpracticableto cradlethe”equip-
ment so that torquemay be masured by determiningthe reaction
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of the drivingunit. The problembeccmesevenmore complexat high
speedswhereshaft-speedratiosotherthanunityare required. The
inherentlossesin shaft-speed-ratiodevicesare diffioultto measure
aoourately.A torque-mxmzringinstrumentcapableof operatIon at
highshaftspeeds,whichis simple,acmzrate,and Clependable,is there-
foremost desirable.

In general,currenttorque-msasuringinstrumentsmay be class-
ifiedaccordingto the followingtypes: the torque-reactiontype,
the an@lar-twisttype,and the surface-straintype.

The torque-reactiontypemakesuse of Newton’sthirdlaw and
requiresthe measurementof smneexternalreactionforce. This t=
has the disadvantageof eithercradlingthe powersourceor sink,or
resortingto ccmqjl.ioatedgearingsystemswith theirinherentlosses
in orderto measurethe reaotion.

The angular-twisttypeutilizesthe familiarprincipleof’xwasur-
ing the angulardeflectionin a gagelengthof shaft;the angular
defleotion is Proportionalto torquetransmitted. The anglemay be
measuredin a numberof ways,but usuallyinvolvesthe mountingof
oomplexprecisionassenibliesdirectlyon the rotatingshaft.

The principleinvolvedin the operationof the surfaoe-strain
type is the proportionalitythat existsbetweenshafttorqueand
sliaft-surfacestrain. Surfaoestrainis measuzedby severalmethds,
the most commonof whichuses electriostraingagescementerlto the
shaftsurface. A t~ical exampleof this methodis discussedin
reference1. When thismethodis used thereare two principal
difficultiesto overoome: the effectsof slip-ringcontactresistance
and the effectsof temperatureon the torsionshaftand the strain
gages.

The surface-strqintyp and, in particul~,the strain-gage
methodof measuringsurfacestrainappeem to offerthe best pos-
sibilityfor meetingthe needsof basicYccmpresscmand turbine
research. Consequently,an investigationwas undertakenat the W!A
Lewislaboratoryto determineby actualexperi~nt if suohan
instrumentcouldbe developedthatwOulabe suitedfor practicaluse
for basiccompressorand turbineresearchwithinthe neoessarylimits
of speed,acouraoy,and precision.

Such a strain-gagetorquemeterwas designd and builtand the
performanceevaluated.An electriccircuitwas used thatmintmizes
the effectsof slip-ringcontactresistanceand pemnitsthe use of a
potentiometeras an indicatinginstrument.A methcdis evolvedto
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evaluateati to correct~or the effectsof temperatureon the
torquemter. Resultsof the performanceinvestigationsare pre-
sentedfor a rangeof shaftspeedma torqueloadsfrom 5000to
17,000rpm and 250 to 5500 inch-pounds,respectively.Precision
and accurauyis experimentallydeterminedand expressedin terms
of a probabledeviation.Operatingtorsion-shaftstressesfor
maximm precision=a acouracyare recommendedand the dynedc
operationof the instrumentis discussed.

APPARATUS

Torquemeter

The strain-gagetorquemeterconsistsof three%asicparbs: the
torsionshaft,the sliprings,and a self-balancingpotentiometer.
The torsionshaftand the slip-ringassembliesare shownin figure1.

Torsionshaft.- The hollowtorsionshaftis fabricatedfrom
SAE 43.40steel,heat-treatedto a RockwellC hardnessof 26 to 32.
It is 17.8 incheslongwith a 2.O-inchtest section. The inside
and outsidediametersof the test sectionare 1.000and 1.391inches,
respectively.Sphericalsplinecouplingsaxe doweledand boltedto
the ends of the torsionshaft. Four advancewire straingagescon-
nectedin the fom of a Wheatstonebridgeare bondedwith bakelite
oementto the outsidesurfaceof the test section. (Seedetailin
figs.1 and 2.) Wires fromthe bridgepass inwardlythroughholes
drilledin the shafta shortdistanceaway fromthe test section
and are connectedto a mltiple-prongedplug,which is lockedin
placeon the insideof the torsionshaft. Provisionis made to
oompleteelectricconnectionsto the plug afterthe torsionshaft
is installed.

Slip ringsand brushes.- The sliprings (fig.3) consistof
sevenmonelwashershavinRan axialwi~th of 0.187incham an over-
all diameterof 1.88 inch&. Thesemonelringsare assembledwith
bekeliteinsulatingwashersin a laminatedfashionon a hollow
shaftoverwhicha bakelitesleevehas been placed. The circumfer-
entialsurfacesof the monelringsare ground,afterassembly,as
smoothas possibleto a concentricityof *.0002 Inch. The shaft
is mountedin oil-filledsfnteredbearingswtth provisionfor
additionaloiling,scavenging,and temperaturemeasurement.The
brushes,made of a mixtureof 60-percentsilverand 40-percent
graphite,havea diameterof 0.125inohand a lengthof 0.625inoh.
Two brushesspaced180° apsxtmake electriccontactwith each of
the sliprings. Eachbank of brushesis positionedby a bakelite
support(fig.4), and individualbrushpresstieis obtainedby means
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of leaf springs3 incheslongtie of Swedishspringsteel. The
thicknessof the springson one supyortis 0.008inchand on the
other0.010inch. Differentspringthicknessesare employedto
obtaindiffe~nt naturalvibrationalfrequenciesof the springs.
This prccedu~ assuresuninterruptedelectriccontactwith the slip
ringsshouldone set of brushesbecomeinoperativebecauseof
inducedcriticalvibrationof the brushsprings. Brushpressures
are set by movementof the brushsupportusingthe supportadjust-
ing screwsshownin figure3.

Indicatinginstztuwnt.- To?.quevaluesare indicatedon a
commerciallyavailable,self-balanclngpotentiometer,whichwas
modifiedto includea circuit(reference2) thatmin~mizesthe
effectsof smallcontactresistancesbetweenthe brushesand the
sliprings. The accuracyof the potentiometerwhenused in this
manneris approximately*0.2 percent.

Principleof operation.- A sohematicdiagramof the complete
torquemetercircuitis shownin figure5. The circuitdesignis
based on the theorypresented.in reference2. Four advancewire
straingages,whichcomprisethe elementsof the Wheatstonebridge,
are bondedto the torsionshaftalong45° hellces. When torqueis
appliedto the test section,one pair of straingages (opposite
resistancesin the bridge)lie on a path of maxinmmtensilestress;
the remainingpairlie on a path of maximumcompressivestress. The
bridgecircuitis thus sensitiveto torsionalstressesand relatively
insensitiveto axialand bendingstresses. The diagonalcornersof
the bridgeare suppliedwith 12-voltalternatingcurrentthroughslip
ringsA,B and C,D. Any unbalancedvoltageis fedto the amplifier
throughsliprings,E, F, and G. This voltageis amplified-and
energizesa positioningmotor (notshown),whichdrivesthe contaot
on the slide-wireS to a new positionso thatbalanceis again
restoredto the bridge. The positionof the contaotcnthe slide
wire is indicatedbya linearmillivoltscalegraduatedfrom O to
10 millivoltsin divisionsof 0.02millivolt.The helicalpotentiom-
eter is used to adjustthe zeroon the millivoltscale. The
resistancesin the bridgesupplycircuttminixalzethe effectof
SU1l contactresistance.

Experhenta.1SetupandMethcds

The generalexperimentalprogramconsisted-of staticcalibration
of the torquemeter,dynamicoperationof the instrumentovera mnge
of speedand load,and a comparisonof the resultingdynamictorque
values(basedon the statfccalibrations)with a suitablestandafi,
whiohconsistedof a carefullycalibratedC@amomter.

.
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For the CQ_nsmicoperationof the torquemeter,a 3000-horsepower
variable-speedmotortogetherwith a speed-increasinggearboxwas
used as a powersource. Powerthus generatedwas transmittedthrough
the torsionshaftand absorbedby the dynamometer.Sinmltaneous
valuesof torquewere indicatedby the torquemeterand the dynamo-
meterreaction.

DynamometerCalibration

An eddy-current-absor@iondynammter ratedat 1700horsepower
at a speed of 25,000rpn was fittedwith a torquecellto measureits
reaction. A 63.00-inchmomentarm fittedwith a viscousvibration
damperwas providedfor staticloading. Dynamicloadingwas controlled
by changingthe fieldcurrent. Heat generatedin the stator was
removedby ciroulatingwaterthrougha stator Sacket. The tempen%hure
of the coolingwateremergingfrcanthe stqtorjacketwas heldat
120 + 20° F.

.

The torqw cell was capableof =asuring the Qnamometerreact-
ionwithin+0.1 percent(forany particularcalibration)fromreact-
i~ loaas Of50 tO 300 POUtiS. Dynamometerreactionloadswere
indicatedon a 130-inchmanometer;acetylenetetrabromidewas usedas
the manometerfluid. Surgetankswere providedto reducepressure
fluctuationsin the manom?terline.

For accurateoalilx%tion,reducingthe rotativestator movement
to a minimumis desirable.The maximnmmove~nt of the load piston ~
was approximately0.0002inch.

The dynamometerin the pmess of a staticcalibrationis shown
in figure6. Calibrationwas accomplishedby placing weightson the
loadingpan,whichwas suspetiedfromthe static‘moment~“ The
reaction to this appliedtorque,as indicatedon the 130-inchmano-
meter,was recordedfor both increasingand decreasingtorquesfrom
O to 6300inch-poundsin incnments of 315 inoh-~ounds.The average
mmometer-fluidtemperaturewas alsorecorded.

Specialprecautionswere takento insureaccurateand rep-
resentative dynamometercalibrations.The dynamometerrotorshaft
was uncoupledfrcmthe driveshaftto eliminateany hystereshi
causedby the drive-shafthigh-speedbearingfriction. Waterati
oil hose connectionsto the statorwere orientedto minfmizeany
torqueapplicationto the dynamcmter by forcestransmitted through
theseconnections.Duringstatiocsli.bration,mre was takento
duplicate,whereverpossible,dymamicoperatingconditions.Similar
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pressuref3were maintainedand the dts-
-Q=ter cooli~ waterwas heldnear

the averagevalue observed.duringdynamiooperation.

Mancmeterreadingswere correotedfor the effeotsof tempera-
ture on the densityof the acetylenetetrabromiiie.All mancmeter
readingswere oorreotedto a basiotemperatureof 50° F. These
readingswere then plottedagainstdynamometertorque.

Inammzchas the dynamometerstatiooalibrationswere essen-
tiallylinear,theywere expressedin the form of a slops-intercept
equatton. The methodof leastsquareswas employed.to determine
the particularvaluesof slopeand tnteroeptthatmost oloselyfitted
the observedcalibrationdata.

The equationwas of the fom

where

Y oorreoted

M and B constants

manometerreading,inchesacetylenetetrabromide

for a particularoalibratIon

x torque,inch-pounds

The dffferenoebetweenmeasuredtorquevaluesand torquevalues
oaloulatedfrom equation(1) is presentedin figure7 for a typical
statIc calibration.The difference,or error,In inoh-poundsis
plottedagainstamlied torquefor both increasingand decreasing “
torqueloads. The averagevalueof the errorfor any givent~ue
load Is within*O.1 peroentof fullload. The probableerrorof any
one observedstaticreedingfor the aggregateof the calibrations
was approximatelyM .05psrcentof fullload. Becauseof a variatfon
in the dynamometerstatiocalibrationwith time,however,the oaMbra-
tion was repeatedat pericdiointervalsduringthe oourseof tor-
quemeterdynsmlooperatingstudies.

In orderto determineoperatingvibrationaleffectson the static
calibration,an unbalancedair turbinewas boltedto the static!momnt
arm. A mnstant statiotorquewas appliedwhilethe arm was vibrated
througha rangeof frequenciescorrespondingto thoseobsemed through
the limitsof operatingspeeds,5000 to 17,000rpn. No measurablechange

.
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in the manometerreadingwas observed. The mnclusion was therefcwe
reachedthat the stiticc~ib~tiong were vglidfor dynamicoperation.

Torsion&haftStatioCalibration

Beforeusingthe torquemeter,statiocalibrationsof the instzu-
ment must be obtained. This staticcalibrationis accomplishedby
means of an apparatusconsistingof two pedestals,a ball-tyyebear-
ing,a 60.00-inchmomentam, and suitablecalibrationweights.

The torsion-shaftstaticcalibrationsetupis shownin figure8.
A thin steelribbon,whichmakes oontact with the surfaceof the
mment+mu arc at a constantradiusof 60.00inches,is used to attaoh
the loadingpan to the statio-momentam. The nmuentam with the
loadingand counterbalancepansattacheawas balanoedand keyetito
one end of the torsionshaft. The torsionshaftwas thenmountedbet-
ween two pedestals.One end of the shaftwas supportedby a ball
bearinglooateaon the rear peaestal, the otherend was rigidlykeyea
to the fron%petlestal.Aftermounting,the mcsmmtarm and the torsion
shaftwere adjustedto a horizontalpositionand the momentam set
perpendicularto the axis of the torsionshaft. Electricconnections
weremade to the bridgeand thermocouplesweremountedon the test
seotionof the torsim shaft. In ader to controlthe torsion-shaft
temperatureduringcalibration,an insulatingbox (notshown)was
placedaroundthe shaft. Temperatureshigherthanembientwere pro-
&zoedby plaoingheatingelementsinsiaethisbox. Temperatures
lowerthanambientwere obtainedby use of solidoarbondioxide. In
thismanner,shafttemperaturefrom 0° to 2180F ooihibe established
and maintainedwith temperaturedifferentialsat any pointin the
test seotionof the torsionshaftof not more than 2° F. Eaoh of the
calibrationweightswas 5 * 0.004pounds. Statiocalibrationswere
made overa rangeof shafttemperaturesfrom 0° to 218°F by placing
weightson the loadingpen and reoordhg the potentiometerreadinge
oorrespmdingto this knowntorque. Reaaingswere thus recordedfor
both increasingand decreasingtorquefrcm O to 6300inch-pounds.
Calibrationsweremade with no contaotresistanceaniiagainwith
simlated valuesof oontactresistancein the circuit.

With zero torquein the torsionshaft,axialtensileforceswere
applieato the shaftin orderto determineqzalitativelythe effects
of =hl tensilestresson the operationof the torquemeter.The
torsionshaftwas placedin a loadingmachineami tensileforces
a@ieti throughball-typ connectorsco%teawith high-pssure lub-
ricant. Xn this~~er, bending or torsionin the test seotkm was
avoiaea. After several.loadingcyc~esovera rangeof tensilestress
fromO to 30,000poundsper squareinch,the shaftwas stressesin
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Incrementsof
potentiometer
axialloada.

1000poundsper squareInchand the changein the’’zezm”
readingwas observedfor both increasingand decreasing

DynamicOperation

For dynamiooperation,the torsionshaftwas coupledbetween
the high-speedpiniondriveshaftof the gearboxand the dynam-
ometeras shownin fi~ 9(a). Cbuplhg was made thruughspherioal-
type splinesand suffioientaxialolearanoewas providedin the
oouplingsto preventaxialstressesin the torsidnshaft. A shield
with provisionsfor lubricatingand scavengingthe oou@hg spl.ines
was placedaroundthe torsion-shaf%assembly. An indicationof
torsion-shaftoperatingtemperaturewas obtainedby mountinga
thermocoupleinsidethe shield. The thermocouplebead was looated
o~posltethe straingagesat a radialdistanceof 1/4 inchfromthe
test-sectionsurface. Wiresmakingelectriooonneotionsto the
multiple-prongedplug in the torsionshaftwere passedthroughthe
hollowhigh-speedpiniondriveshaftand the slip-ringdriveshaft
to the sliprings. A view of the slip-ringassemblyinstalledat
the rear of the gearbox3s shownin figuze9(b).

Dynamicrunsweremade overa rangeof speedsfrom 5000to
17,000- in nominalstepsof 1000rpm. Criticaldynamometer
vibrationpreventedsustainedoperationfrm 11,000to 13,500rpm.
Torqueloadsfrom250 to 5500 inch-poundswere set in nominal
incrementsof 1000 inch-poundsoverthe fullrangeof speed. Runs
weremade by maintainingconstantspeedfor both increasingand
decreasingtorquehas. Shmzltaneousreadingsof the torquemeter
potentiometerand the dynamometerreaotionmanometerwith torsion-
shafttemperature,slip-ringcontactresistance,and average
manometer-fluidtemperaturewe~ observedduringtheseruns.

RESUITSAND DISCUSSION

The over-allevaluationof an instrumentis b=ed on the
qualities,accuracy,precision,and practicability.Accuracyis
definedby the o?flerof agreementbetweenthe magnitudeof a
quantityas indicatedby the instrumentwith the truemagnitude.
The precisionis determinedby its abilityto repeata readingunder
a givenset of conditions.The practicabilityis judgedby the
efficiency(intermsof reliability}simplicity)convenience)and
safety)with which it may be used to achievethe purposefor which
it was a8signea. The staticand dynamicperformanceof this torqw-
meter are evaluatedon the basisof thesequalities.

.
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!l?orsion@haftStatioCalibration

Beoausethe strain-gagetorquemeterindicatesa quantitypro-
portionalto torqueratherthan torqueitself,a suitablefaotorof
proportionalitymust be obtained. Sucha determinationis achieved
by staticcalibration.For staticcalibrations,acouraoywas con-
sideredto be the orderof agreementbetweenany observationwith
the correspondingtrue valueas establishedb~ applyingthe method
of leastsquaresto all the observations.

A typicalstaticcalibrationof the torquemeter,at a torsion-
shafttemperatureof 73° F, is presentedin figure10 wherepotentio-
meterreading(rev)is plottedagainsts~t torque (in.-lb).Because
of the limitationsof the dynamicexperhntel equipent, torque
valuesin staticcalibrationswere restrictedto 6300 inch-pounds.
Similarstaticcalibrations,repeateaat intervalsover 6 months
yielaeano eviaencethat the calibmtionwas subjectto drifting
eitherwith time or usage. Hysteresisis low,the averagehysteresis
valuebeinglessthan 0.2 percentof full-soa.lereading. The @ot
of the observedyointsoloselyapproachesa straightline. Accord.-
hgly, a linearrelationbetweenpotentiometerreadingand shaft
torquewas assuredin the fomu

y=mx+b (2)

where

Y ~otentiometer reading, millivolts

m slopeof line,millivoltsper inch-pouml

x applieatorque,inch-pound

b valueof y

The methcdof
ular valuesof m
the observedtits.

at zerotorque(intercept)

leastsquareswas employdto CLeterminethe partic-
and b thatmade equation(2)most nearlyfit
The probableerrorof any one observesreading

fromthe true vd.ue~- aef=~neaby the equationCOrres@f~ to
that oelibration,was foundto be*O.08 peroentof W-male
deflection.

Calibrationsperfo-d at varioustorsion-shaf%temperatures
aifferea;thereforevaluesof m and.b requiresto fit equation(2)
to the observeddatawere caloulatea.These values,@otted against
torsion-shafttemperature,S= presenteain ffw= U- T~ v=fatf~
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of slopewith torsion-shafttemperature(fig.n(b)) can be partly
explainedby the decreasein the torsionalmcd.ulusof elasticity
of the shaft (whiohcan be shownto be Inverselyproportionalto
the slops) with increasingtemperature.Informationon this
phenomenonis givenin references3 to 5. Calculationsbasedon the
followingequation,[reference3, p. 31) showa decreasein the
torsionalmodulusof this shaftof 0.6 percentfor a temperature
rise of 50° F:

where .

Q’ torsionalmodulusto be determined

Go torsionalmodulusat 0° R

T temperatureat which G is desired,OR

Tm melting pointof material,%

This decreaseis onlyindicativeof the orderof magnitudean~ is not
considereda quantitativevalue. The valueof 0.6 percentaccounts
for two-thirdsof the actual observed decrease in torsionalmodulus.
The ~maining one-thirdis attributedto thermal-resistiveand thermal-
expansivepropertiesof the straingages.

Changein the intercept,the zerobalancepointof the bridge
circuit,with temperatureis attributedto smallerrorsin mounting
the straingageson the true 45° helicesand to the variance in the
characteristicsof the individualgagescomprisingthe bridge. These
factorscausea shiftof the balancepointof the bridgewtth temper-
aturechange. Both theoryand experimentshowthis variationto be
linear.

Becausethe torsion-shafttemperatureis an independentvariable
affecting the static-calibrationconstants,shafttemperatureuust
he obtainedwith an accuracyof+5° F. Although t~ methti used for
determiningthe shafttemperaturein this investigationwas satis-
factory,the.mountingof a thermocoupledireotlyon the torsion
shaftis recommended.

When slip-ringcontactreaistanoewas simuhted in the oircuit,
a decreasein the slopesof the statio-calibraticmlinesoccured.
No masuz%ble effecton the interceptsetisted. Duringd-c

●

m
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operation, the series resfstanoe per pair of slipringsremained
between3 and 5 ohms. For statiooalibrathn,simulatedcontaot
resistancesbasedon the 5-ohmvaluewere tisertedin the eleotric
oirouit. The extentto whiohoontaotresistanceaffectsthe KLope
iS shownin figureI.l(b). At a torsion-shaftti~rature of
73° F, the slopeIs reauoeaby 0.5 percentwhen operatingoontact
residxmce is dddeao

Subsequentexperimentalinvestigationof the bridgeoirouit
revealeathat all first-ordereffectsof contactresistanceooulll
be elhinatetlby omittingthe oonneotim between O and N
(fig.5) thus el~nating the need for experimentally&eterminhg
the quantitiveeffeotand the subsequexltcorrectionfor it.

When the torsion-shafttemperatureis Imown,corresponding
valuesof slope and intercept are obtainedfrom figureXL ard useti
in equation(2)to oaloulateshed%torquefor a givenpotentio-
meterreading.

Axia143tressEffeots

In some installations,a torquemetermay be subjeotedto axial
as well as torsionelloads. Al-thoughaxial-stresseffectsare
compensatetl by employinga bridge-typeoirouitaniLby similar
orientationof the straingageson the shaft;full ocmpensationmy
not he achieved.becauseof dtss~larity in the oharaoteristicsof
individualgageswith imcouraoiesin the orientation.Consequently$
the torsionshaftwas subjeotedto axialtensileloadsto determine
the resultingohangesin the potentiaueterzeroreadings. The
potentiometerzeroreading&eorease&0.14peroentof full soaleper
1000 poundsper squareinoh of tensilestressovera rangefrom
O to 30,000punds per squareinch. On the basis of thesefindings,
it is recammendeathat for optimumacmracy the torquemeterinstal-
lationbe suohas to avoidaxielstressesin the torsionshaft.

DynamioOperation

The oonoeptof instmment aoouraoyis -e~a to the -C
performance in figure12 wheret@oel tcmquemeteroperatingdata
are presenteafor an average torsion-shafttemperatureof 98° F
d ncmind. torston-shef’tspeeaof 10,000Z’IYM.Torquemeter
potentiometer reading is plOttea againstshaft torque,as hdioated
by the dynewneter reaotionmeasurements.The -m to~ue 1~-
ing for this run was slightlygeater than 5500 inoh-poucds,whioh

.

,
.
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representedthe peakloadingpossiblewith the dynamictest equip-
ment tised.The staticcalibrationfor a torsion-shafttempenture
of 98°F is representedbY the dashedline h fig 12.

When dynamometer torqueis cmiaerea to be representativeof
the truevalue,as was done for this investigation,the instrument
retainsa highde-e of accuracyunderoperatingconditions.For
this representativerun,the maxhmuudeviationfrcm staticperfor-
mancewas 30 inch-pounds.In termsof instrumentflill-scaleread-
ings,tti tiue representsa deviationof only0.5 peroent.

The torquemeterpmecision,as indioatedby the abilityto
repeatreadings,is shownin figure 13. Simultaneousvaluesof,
dynamicshafttorquewere indicatedby the to~uemeter and the
@amometer. Dynamicshafttorqueindicatedby the torquemeterwas
calculatedfromequation(2),whichis basedon statiocalibration,
by usingthe observedpotenticneterreadingand the average*orsion-
shafttemperature.Dynamicshafttorqueindicatedby the tQnamo-
meterwas calculatedfromequation(1)using observedmanmeter
readingscorreotedfor tempexdxrrewith appropriateQnemaueter
static-calibrationconstants.Dynamometertorquewas assumedto be
the true torquevalueand was u6ed as a basisfor tletenninfngthe
accuracyof the torquemeterunderdynamicconditions.The difference
betweenthesesimultaneousva3uesof shafttcnqueis calledtorque-
meterdeviation.This deviattm in inch-poundsis plottedagainst
Qnmmeter torquevaluesfor a rangeof shaftspeedfran5000to
17,000rpm.

The probabletorquemeterdeviationof any individualreading,
based on the aggregateof datapoints,is *2O inch-pcmndsor+0.33
percentof full scsle. Because the line of zerotozquemeterdeviat-
ion is CCKMIMXU?with the line correspondingto the assumed.true
torquevalue,the probabletorquemeterdeviationfurtherrepresents
the ader of agreementbetweentrue (assud) and indioatedmagnitudes

and fixesthe over-all.instrumentacouracy. The probableCWC-CY
of any hiitiaw reading is thus set at +0.33 peroentof full scale.
Thesevalues of precision* aoouraoyare withinthe desiredlhits,
whichwere fixedat the beginningof this investigation.

The absenceof any significanttrendswith speedthroughoutth?
rangeof operation is to be notedin f@re 13. Such absenoeis
notewort~ beoauseit showssyeedand oentrif’ngsleffectsto be
negligiblewithinthe experimmtslMnits. The inc??emed data
matter in the range of torqueat and below1000 inch-poundsis prob-
ablydue to poortorqueregulationof the powkrsourceat low to~ue
loads. In this rangeof torque,the potentiauetermale was observed

.
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to oscillatewith an amplitudeon the or&r of*0.10 millivolt;

13

whereasduringoperationat torqueloadsabove1000 inch-pounds,
the amplitudereducedto a steadyvalueof+0.02 millivolt. In
contrast,dynamometerspeedana reactionreadhgs were steady
regardlessof’torqueloadbecauseof the highdegreeof damping
presentin the dynamometerreaotion-measurfngsystem. The torque-
meter,ratherthanthe @namuneter,thereforeindicatesany small
fluctuationin the torqueload.

The minimumand msximumvaluesof shearingstress(outer-surface
fiberstress) duringdynanicoperationwere approx-tely 600 and
14,200poundsper squareinch,respectively.The maximumallowable
shearingstressfor the materislused in this shaftis on the order
of 60,000Toundsper squareinch. In the ~gion of workingstresses
overwhiohthe torquemeterwas operated,the investigationobjeo-
tivesof precisionand accuracywere ~ttainea.

By raisingthe valueof shaftworkingstress,huwever,the
accuracyof the instrumentwill be increasedby virtueof the comes-
pondingincreasein the ratioof signslvoltageto extranecmssignal
voltage. With the tyy of electriccircuitused, the edmmeous
stgnal voltage is relatively constantand fs due prlmarlly to con-
tact resistanceand the ratioof the unsteadycomponentof torque
to the steadycompment of torque.

High shaft-workingstressesm therefo= reccmendedwith the
maxhum valueslimitedby mechanicalsafetyof the particularsystem.
In orderto obtainhigh shaft~orkingstressovera wide rangeof
load,constructionof more than one torsionshe&tmay be necessary,
whereeach shaftis desi~ed to operateoveronlya porttonof the
loadrange.

Operationof the slip- at maximumrubbing-surfacevelocities
of 140 feetper second presenteda iiiffioultproblem. The moothness
and the concentricit~of the inaiviati slip-ringcontactsurfaces
were critioal. The requirementsfor sa%isfadm’yslip-ringoperation
were fcnmlto be 5 to 7 rootmean squaremicroinchesfor surface
smoothnessand @.0002 inchfor the concentricity.Theserequtrments
may be somewhatrelaxeaif higherbrushpressuresare employedjhow-
ever,highb?mshpressureswill red.uoethe usefUlllfe of the brnshes
themselves.Bnsh pressureswed we~ approximately20 to 40 pounds
per squareinch. lt is fizrther ~rative tkt no 032.nor am
partiolesbe permittedto cme in contactwith the sl,ip-ringsurfaces
or brushes. Even sma3Ldepositsare sufficientto causecon-nation.

Satisfactoryperformancems achievedwith the &@-susp@=ion-
Spring s~temo uninterruptedslip-ringcontactwas obtainedunder
all Opemting Conaithls.
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Althoughthis slip-ringconfigumtionIs subjectto further
inqmovements,oontlmuousopelationat robbing-surfacevelooitles
from332 to 140 feetper second(oornsspondingto shaftspeedsof
13,600and 17,000rpm) for peric& of about5 hourswas attained
withoutrequiring adjustment.Duringtheseperiodsof operation,
the seriesresistanceper pair of sltpringsdid not exoeedthe
5-ohmoperatinglimit.

A neoessaryooxditim for aoouratetorque measurementby means
of this torquemeterwas thatthe mfnimumresistanceto groundof the
strain-gagebridgeand slipringsbe 45 megohmswith the potentio-
meter out of the cirouit. When the resistanceto grcnmddecreased
to a lowervalue,the potentiometerreadingdoesnot inilioatethe
true shafttorque. In severalrunsat highrotativespeeds(witha
cozn’espondinglyhighslip-ringtemperature)or at a hightorslon-
shafttemperature,the resi.stanoeto grounddecreasedbelow45 megohms~
resultingin an errorin the torquemeterreading. This decreasewas
oausedby a partial.breakdownof the bakeliteinsulationof the slip
ringsand of the straingagesat temperatuzwsabove200°F. Baking
the slip-ringassemblyand torsionshaf%at approximately250°F
until.the resistanceswere restoredto the minimumvalueoveroeme
thisaiffidty and satisfactoryinsulatingpropertiesat temperatures
up to 250°F were obtained.

The investigationhas demonstratedthe feasibilityof producing
a reliabletorque+ueasuringinstrumentcapableof oonthums opera-
tion overreasonableperiodsti time. TMS tit--t ~S the
charaoteristiosof preoisimnand aoouraoyrequiredfor use h Ourrent
compressorand turbineresearoh. Althmgh the instrumentis subject
to aaaiti-1 nsfinements,it is, in the currentform,relatively
simplein structureand may be oomtrmtea at low cost. The strain
gagesand the basiopotentiometerare mmeroMUy available.
Instrumentreliabilityhasbeen provenby repeatedcalibrationand
operationover6 monthswithoutindicationof changein the statlo-
calibrationconstants.Static-oslibmttonoharacteristtosare closely
nmintainedduringdynemiooperation,eliminatingthe neoessityof
costlyand tb -uonsumingdynamlucalibration.The ilesignfurther
permits remote reading of bridge-unbalarmevoltagewith no loss in
aoouracY,a desirablesafetyfea*@ w~n aP@i~ation is tie to
high-speedequipmentoperatingat elevatedtemp?dmre levels.

CONCLUDINGREMARKS

Frum an investigationinvolvingthe studyof a strain-gage
torquemeter,the followingresults,oonolusimns,and remmendatiom

were obtained:

.

.
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1. A strain-gagetorquemeterwas developedthat incorporates
an electriccirouitthatminimizeseffeotsof contaotresistance
and allowsthe use of a potentiometeras an indicatingdevioe. A
practicalmethotlwas evolved,which oorreotsfor temperatureeffeots
on the torquemeteroperation.

2. This torquemeter was operatea over a rangeof speedfrcm
5000to 17,000~ anil torqueloadsfrm 250 to 5500 inoh-powds
with a probableaoouraoyand precisionbaaedon tbe aggregateof”
datapointsof +0.33peroentof full-male aefleotion.Continuous
operationat speedsfrau13,600to 17,000rpm for periodsof about
5 hourswas obtainedwithoutadjustmentof brushomtaot pressures.

3. The reliabilityof this Instrumentwas oheckedby repeate~
calibrationand operationover 6 months;no ohangein the statio-
calibrationconstantswas observed. The absenoeof any signifioant
performancetrendswith speeathroughthe rangeof operattonshowed
that speedana centrifugaleffeotswere negligiblewithinthe
e~rimental limits. Becausestatiocalibrationohaz%mteristios
were oloselymaintaineda=hg _ic operation$any necessityfor
Onamic calibrationwas elinrlnatea.

.

4. For optimumaocuraoy,hightorsion-shaftworkingstzws
shouldbe employed.,the torquemeterinstallationshouldbe such
as to eliminateaxialstresses,and an amurate measurementof
operatingtorsion-shaft temperature shoulabe made.

FlightPropulsionResearohL&boratory,
I?attonalAdvisoryCcmmltteefor Aeronautlos,

Cleveland,Ohio,July 26, 1949.
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